OBTAINING CALIBRATION PARAMETERS FOR A THREE-PORT DEVICE 

UNDER TEST 

BACKGROUND 

[0001] The present invention concerns network analyzers and pertains 
particularly to obtaining calibration parameters for a three-port device under 
test. 

[0002] A network analyzer typically integrates a synthesized signal source 
with built-in signal separation devices, receivers, a display and a processor. 
[0003] Measurement calibration is a process that characterizes the systematic 
errors of a network analyzer. This information can be used to improve 
measurement accuracy by using error correction arrays during signal processing 
to compensate for systematic measurement errors. Measurement calibration is 
also called Cal, a short form of calibration. Error correction is also called 
accuracy enhancement. Measurement errors are classified as random and 
systematic errors. Random errors, such as noise and connector repeatability are 
non-repeatable and not correctable by measurement calibration and error 
correction, 

[0004] Systematic errors, such as tracking and crosstalk, are the most 
significant errors in most network analyzer measurements. Systematic errors 
are repeatable and for the most part correctable, though small residual errors 
may remain. These systematic errors may drift with time and temperature and 
therefore require new measurement calibrations to maintain error corrected 
measurement accuracy 
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[0005] Systematic errors are due to system frequency response, isolation 
between the signal paths, and mismatch in the test setup. Frequency response 
errors (transmission and reflection tracking) result from the difference of the test 
signal path and receiver with respect to the reference signal path and receiver 
that are a function of frequency. 

[0006] Isolation errors result from energy leakage between signal paths in 
measurements. This leakage is due to crosstalk. In reflection measurements, the 
leakage is also due to imperfect directivity. Directivity is the ability of the 
signal separation devices to separate forward traveling signals from reverse 
traveling signals. 

[0007] Mismatch errors result from differences between the port impedance 
of the device under test (DUT) and the port impedance of the network analyzer. 
Source match errors are produced on the source (network analyzer OUT) side of 
the DUT. Load match errors are produced on the load (network analyzer IN) 
side. If the DUT is not connected directly to the ports, the mismatch errors due 
to cables, adapters, etc. are considered part of the source or load match errors. 
[0008] The network analyzer has several methods of measuring and 
compensating for these test system errors. Each method removes one or more 
of the systematic errors using equations derived from an error model. 
Measurement of high quality standards (for example, short, open, load, through) 
allows the network analyzer to solve for the error terms in the error model. The 
accuracy of the calibrated measurements is dependent on the quality of the 
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standards used and the stability of the measurement system. Since calibration 
standards are very precise, great accuracy can be achieved. 
[0009] To perform a transmission calibration, at least four measurement 
standards are utilized: for example, an open, a short, a load, and a through cable. 
The network analyzer measures each standard across a defined frequency band 
using a pre-defined number of points. The measurement of these standards is 
used to solve for the error terms in the error model and to remove systematic 
errors caused by transmission frequency response, load match and source match. 
[0010] To perform a reflection calibration, a one-port calibration is 
performed using at least three measurement standards, such as an open, a short, 
and a load. The network analyzer measures each standard across a predefined 
frequency band using a pre-defined number of points. The measurements of 
these standards are used to solve for the error terms in the error model and to 
remove systematic errors caused by directivity, source match and reflection 
frequency response. 

[0011] For further information about calibration of network analyzers, see 
for example, the HP 8712C and HP 8714C RF Network Analyzer User's Guide, Part 
No. 08712-90056, , October, 1996, pp. 6-1 through 6-14, available from Agilent 
Technologies, Inc. 

[0012] In order to reduce the time required for calibration various systems 
have incorporated some automated features. For example USPN 5,434,511, 
USPN 5,467,021, USPN 5,537,046, USPN 5,548,221, USPN 5,552,714 and USPN 
5,578,932 discuss electronic calibration accessories that perform 
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computer-assisted calibrations with electronic standards, making the calibration 
process less time-consuming and error-prone. When using these electronic 
calibration accessories it is necessary to manually connect a module to the 
measurement ports. USPN 5,587,934 also sets out an electronic CcJibration 
module that uses manual connections. USPN 5,548,538 discloses a technique for 
including calibrations internal to the network analyzer. 
[0013] When measuring a three-port device using a two-port network 
analyzer, the device needs to be measured three times. Typically, it has been 
necessary to move cables in order to accommodate a port orientation to the 
device that is different for each calibration measurement. Because test port 
cable characteristics change with cable movements, calibration accuracy is 
reduced. A vector network analyzer (VNA) two-port calibration method known 
as "unknown through" calibration is used to minimize cable movement and 
connections during calibration of a three-port device. See, for example, A. 
Ferrero., "Two- Port Network Analyzer Calibration Using an Unknown 'Thru"', 
IEEE Microwave and Guided Wave Letter, Vol. 2, No. 12, Dec. 1992. pp. 505- 
507. Using this method, the test port cables can be positioned to align with 
the desired measurement ports of the three-port device. The test port 
connectors are configured to mate with the measurement ports of the three- 
port device. Then, the appropriate one-port calibration standards are 
connected to each test port and measured. A calibration module may be used 
to reduce the number of connections. The three-port device is then connected 
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between the test ports as the "unknown thru" with the third port terminated 
by a load or equivalent, to complete the VNA calibration. 

[0014] A minimum of three different terminations is connected to the third 
port to obtain the data required to extract the three-port S-parameters. Three 
different known standards may be used; however, this disconnection and 
reconnection is time consuming and connection and disconnection of 
terminations may lead to differences in measurement that are not repeatable. 

SUMMARY OF THE INVENTION 
[0015] Calibration is performed for the testing of a device under test. A first 
port of the device under test is connected to a port of a calibration module. A 
second port of the device under test is connected to a first port of a device tester. 
A third port of the device under test is connected to a second port of a device 
tester. The device tester performs measurements by the device tester to obtain 
calibration parameters. In response to commands from the device tester, the 
calibration module changes termination values at the port of the calibration 
module. The changing of the termination values is performed without physical 
disconnection of the port of the calibration module from the first port of the 
device imder test. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] Figure 1 is a simplified block diagram showing configuration of a 
network analyzer and a calibration module used to test a three-port device in 
accordance with an embodiment of the present invention. 
[0017] Figure 2 is a simplified block diagram showing configuration of a 
network analyzer and a calibration module used to test another three-port 
device in accordance with an embodiment of the present invention. 
[0018] Figure 3 is a simplified block diagram of a calibration module in 
accordance with an embodiment of the present invention. 

[0019] Figure 4 shows S-parameters for a three-port device with a connected 
termination. 

[0020] Figure 5 is a simplified block diagram showing configuration of a 
device tester and calibration pods used to test another three-port device in 
accordance with another embodiment of the present invention. 
[0021] Figure 6 is a simplified block diagram of a calibration pod. 

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION 
[0022] Figure 1 is a simplified block diagram showing a network analyzer 11 
and a calibration module 19 configured to perform tests on a power splitter 15. 
Network analyzer 11 is, for example a radio frequency (RF) or microwave vector 
network analyzer (VNA). 

[0023] A first port 20 of calibration module 19 is connected to a first port 18 of 
power splitter 15. A second port 21 of calibration module 19 is not connected. A 



Agilent Technologies, Inc. 



Docket Number 10030764-1 



7 



USB port 22 of calibration module 19 is connected to a USB port 14 of network 
analyzer 11 by a USB cable 25. The USB connection is used for communication 
between calibration module 19 and network analyzer 11. Alternatively, 
calibration module 19 and network analyzer 11 can communicate using any of 
the many available types of wire, optical and/ or wireless connections. 
[0024] A one-port calibration is performed on a first port 12 (port one) of 
network analyzer 11. Another one-port calibration is performed on a second 
port 13 (port 2) of network analyzer 11. These one-port calibrations may be 
perform using electronic calibration modules, mechanical calibration standards 
or in-line calibration pods. 

[0025] First port 12 (port one) of network analyzer 11 is coimected to a second 
port 16 (port two) of power splitter 15 by a cable 23. Second port 13 (port two) of 
network analyzer 11 is connected to a third port 17 (port three) of power splitter 
15 by a cable 24. 

[0026] While Figure 1 shows network analyzer connected to a power splitter 
15, various embodiments of the invention can be used to test other types of 
three-port device. For example. Figure 2 shows configuration of a directional 
coupler 30 for testing. First port 20 of calibration module 19 is connected to a 
first port 33 of directional coupler 30. Second port 21 of calibration module 19 is 
not connected. USB port 22 of calibration module 19 is connected to a USB port 
of a network analyzer (not shown) by a USB cable 25. A first port of the network 
analyzer is connected to a second port 31 of directional coupler 30 by a cable 34. 
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A second port of the network analyzer is connected to a third port 32 of 
directional coupler 30 by a cable 35. 

[0027] In addition to power splitters and directional couplers, embodiments 
of the present invention are useful for other types of three-port devices. For 
example, the calibration techruques described herein are applicable for other 
three-port devices that are passive and reciprocal, where forward transmission 
equals reverse transmission (S21=S12, S32=S23, etc.). 

[0028] Figure 3 is a simplified block diagram of calibration module 19. USB 
port circuitry 42 is used to interact with USB port 22. Port circuit 45 is used to 
provide different calibration standards (and thus terminations) to port 20 and 
port 21. A controller 43 utilizing firmware 41 and memory 44 responds to 
conunands received over USB port 22. In response to controller 43, port circuit 
45 can vary the calibration standards on port 20 and on port 21. For more 
information on calibration modules, see, for example. United States Patent 
Number (USPN) 5,434,511 and USPN 5,548,221. 

[0029] During testing of a three-port device (e.g., either power splitter 15 
shown in Figure 1 or directional coupler 30 shown in Figure 2) calibration 
module 19, in response to commands received from network analyzer 11 
received over USB cable 25, places three known and dissimilar calibration 
standards on first port 20. For each calibration standard, network analyzer 11 
takes a set of S-parameter measurements. This is sufficient for network analyzer 
11 to calculate S-parameters for the three-port device. 
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[0030] Figure 4 shows a signal flow graph representation 51 for a passive 
three-port device such as power spUtter 15 or directional coupler 30. On the first 
port of the three-port device (connected to first port 20 of calibration module 19), 
a calibration standard (Fx) is provided by calibration module 19. Calibration 
standard (Fx) provides a termination x to the first port of the three-port device. 
Sii represents the reflective signed from the first port of the three-port device to 
the first port of the three-port device. S21 represents the transmission signal 
from the first port of the three-port device to the second port of the three-port 
device. S31 represents the transmission signal from the first port of the three- 
port device to the third port of the three-port device. S12 represents the 
transmission signal from the second port of the three-port device to the first port 
of the three-port device. S22 represents the reflective signal from the second port 
of the three-port device to the second port of the three-port device. S32 
represents the transmission signal from the second port of the three-port device 
to the third port of the three-port device. S13 represents the transmission signal 
from the third port of the three-port device to the first port of the three-port 
device. S23 represents the transmission signal from the third port of the three- 
port device to the second port of the three-port device. S33 represents the 
reflective signal from the third port of the three-port device to the third port of 
the three-port device. 

[0031] The discussion below illustrates how all S-parameters can be 
calculated for a passive three-port device. 
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[0032] For each calibration standard (rx) of calibration module 19 that 
provides a termination x to the first port of the three-port device, network 
analyzer 11 is able to measure reflective and transmission values Snmx, S2imx, 
Si2mx/ S22inx relative to the ports of network analyzer. For each termination x, 
these measured reflective and transnussion values can be defined as set out in 
Equations 1 below: 

Equations 1 

Siimx = measured Sn with termination x 
Szimx = measured S21 with termination x 
Si2mx = measured S12 with termination x 
S22mx = measured S22 with termination x 

[0033] When network analyzer 11 is measuring values for Siimx, S2iinx, Si2mx, 

S22mx, network analyzer 11 is measuring these values relative to its own port one 

and port two. However, as seen from Figure 1, for example, first port 12 (port 

one) of network analyzer 11 is connected to second port 16 (port two) of power 

splitter 15. Second port 13 (port two) of network analyzer 11 is cormected to 

third port 17 (port three) of power splitter 15. Thus, port one of network 

analyzer 11 is connected to port two of power splitter 15. Likewise, port two of 

network analyzer 11 is connected to port three of power splitter 15. So, when 

network analyzer 11 measures values, the network analyzer measured value of 

Siimx is actually related to S22 of the three-port device, the network analyzer 

measured value of Siimx is actually related to S32 of the three-port device, the 

network analyzer measured value of Si2inx is actually related to S23 of the three- 
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port device, and the network analyzer measured value of S22nix is actually related 
to S33 of the three-port device. 

[0034] For power splitter 15, first port 18 (port one) is the input port and the 
remaining two ports of power splitter 15 are the output ports. For directional 
coupler 30, first port 3 (port one) is the output port and the remaining two ports 
of directional coupler 30 are the coupled ports. It is recommended that the 
through path of network analyzer 11 be the path with the highest loss. 
[0035] From Figure 4, and the definitions of the measured values for Siimx, 
Szimx, Si2mx, S22inx/ it is clear that the following relationships set out in Equations 2 
are true. 



Equations 2 



^2\ntx - ^32 + '^12*^31 



^I2mx ~ ^23 + "^13*^21 



^22mx ~ ^33 **" '^13*^31 



r ^ 



[0036] For each termination x, three independent equations can be obtained. 
The number of unknowns is reduced to six by requiring the following necessary 
conditions: S21 = S12, S13 = S31, and S23 = S32. This would imply that measurements 
for only two standards are necessary to obtain values for the six unknowns. 
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However, each equation is a bilinear transformation. Because the term Sii is 
common to all the equations, two sets of measurements will yield only four 
xmique equations to solve for six unknowns. Also, for best results, it is more 
accurate to extract small values from measurements of small values and large 
values from measurements of large values. The reflection terms Sn, S22 and S33 
are best derived from load measurement data. The transmission terms are best 
derived from open cind short measurement data. Redundant information can be 
used to obtain a better estimate of the calculated results. 

[0037] The measured parameters S2imx and Siimx may differ slightly due to 
measurement errors. To minimize errors, the measured parameters Saimx and 
Si2mx can be averaged and relabeled S21VX where S21VX = (Saimx + Si2mx )/2. 
[0038] When the calibration standard (Tx) of calibration module 19 that 
provides a termination x to the first port of the three-port device is an open, this 
is denoted by x = o. When the calibration standard (Tx) of calibration module 19 
that provides a termination x to the first port of the three-port device is a short, 
this is denoted by x = s. When the calibration standard (Tx) of calibration 
module 19 that provides a termination x to the first port of the three-port device 
is a load (termination), this is denoted by x = t. Using this terminology Gt, Gs 
and Go Bxe defined as follows in Equations 3: 

Equations 3 

i-s„r, 
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[00391 From Equations 2, Equations 3 and the given definitions. Equation 4 
can be derived. 



[0040] As can be seen from Equations 4, there exist multiple solutions for the 
same parameter. This is illustrated, for example, by Equation 5 below: 

Equation 5 



[0041] There are several possible solutions for Sn. Since Sii is required to 
derive the other S parameters, it is desired to get as accurate a result for Sii as 
possible. Averaging at least two of the derived values for Sii may provide a 
better estimate of the actual value. However, for devices like directional 
couplers, the reverse coupling path loss is so much higher than the other paths 
that the measurements may be too noisy to be used for averaging. It is best to 
use solutions for Sn that are similar in magnitude when performing averaging. 



Equations 4 




S2lSl2(Gt 
S2lSl2(Gs 
Sl2S3l(Gt 
Sl2S3l(Gs ' 
= S3lSl3(Gt 
S3lSl3(Gs 



Gs) 
Go) 
Gs) 
Go) 
Gs) 
■Go) 




i,j=l,2 
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Obtaining an average value for Sn is illustrated by Equation 6, Equations 7 and 
Equation 8 below: 

Equation 6 



G,-G, U-^..rJ U-y..rJ (r,-r,)(i-rA,) 
W r ^ (r,-rj(i-r,5„) 
i-5„rj U-5„rJ 



[0042] Equations 7 obtains the average value (^) for Sii using Wij as defined 
below and substituting equation (6) into equation 5. 

Equations 7 



V = 

'J 



S -S. 

^ ijmt ijms 



\ ijms ijmo J 



5., ^ 



r r 



" 2 



r -w r 



1-v. 



22 



or 



" 2 



etc. 



[0043] For directional couplers, — is the coupling term with respect to the 



'31 



5 

output port. For power splitters, — is the output tracking term. 



[0044] Values for — can be calculated as set out in equation 8. 

•^31 



Equation 8 
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[0045] Values for 821 (and thus S12), and S31 (and thus S13) can be calculated as 

set out in Equations 9 below. The correct phase for S21 and S31 can be determined 

by an estimate of the electrical length of the device, and the projected DC 

intercept value. For passive reciprocal devices, the forward and reverse 

transmission terms are always equal. 

Equations 9 

c _ e 

e C" „ e2 _ *^\lms '^llmo 

c c _ ^21vj ^2lvo 

C C — C2 _ *^22mj ~ '^22mo 
*^31*^13 - "^Sl ^ _^ 



where 



[0046] Values for S22, S32 and S33 can be calculated as set out in Equations 10 
below: 

Equations 10 

S22 = Sllmt - S12S2I G, 

532 = S21VS - S12S31 

533 = S22mt - S13S31 



where 



— — 
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[0047] Equations 11 below show conversions of the calculated s-parameters 
to device specific terminologies: 



Equations 11 



Couplers: 

directivity (dB) = 20 logiof |^ j 



'32/ 

coupling factor (dB)input port = 20 logio(S32) 



coupling factor (dB)output port = 20 logio 



^32 



through path loss (insertion loss) = 20 logio(S2i) 
input return loss = 20 logio(S22) 
output return loss = 20 logio(Sii) 
couple port return loss = 20 logio(S33) 

Power Splitter: 

input return loss = 20 logio (Sn) 

insertion loss (dB) = 20 logio(S2i) or 20 logio(S3i) 

output tracking (dB) = 20 logio f|^| 



21, 



equivalent source match port 2(dB) = 20 logic 
equivalent source match port 3(dB) = 20 logic 



S22 



521*^32^ 



•^31 / 
■^31*^23 



•^21 / 



[0048] Figure 5 is a simplified block diagram showing a device tester 111, a 
calibration (cal) pod 119, a calibration (cal) pod 129 and a calibration (cal) pod 
139 configured to perform tests on a device under test (DUT) 115. Device tester 
111 is, for example a radio frequency (RF) network analyzer or microwave 
vector network analyzer (VNA). 

[0049] A first port 120 of calibration pod 119 is connected to a first port 118 of 
DUT 115. A second port 121 of calibration pod 119 is not connected. A USB port 
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122 of calibration pod 119 is connected to a USB hub 144 by a cable 128. USB hub 
144 is also connected to a USB port 114 of device tester 111 by a USB cable 125. 
[0050] A first port 130 of a calibration pod 129 is cormected to a second port 
116 of DUT 115. A second port 131 of calibration pod 129 is connected through a 
cable 123 to a first port 112 (port one) of device tester 111. A USB port 132 of 
calibration pod 129 is connected to USB hub 144 by a cable 133. 
[0051] A first port 140 of a calibration pod 139 is connected to a third port 117 
of DUT 115. A second port 141 of calibration pod 139 is connected through a 
cable 124 to a second port 113 (port two) of device tester 111. A USB port 142 of 
calibration pod 139 is connected to USB hub 144 by a cable 143. 
[0052] The USB protocol is used for communication between calibration pods 
119, 129, 139 and device tester 111. Alternatively, any of the many available 
types of wire, optical and/ or wireless cormection protocols can be used for 
communication. 

[0053] Calibration pod 129 performs a one-port calibration on first port 112 
(port one) of device tester 111. Calibration pod 139 performs a one-port 
calibration on second port 113 (port 2) of device tester 111. When the one-port 
calibrations are completed, through paths for calibration pod 129 and calibration 
pod 139 are turned on and calibration is transformed to the mating planes of 
DUT 115 with calibration pod 129 and calibration pod 139. 
[0054] Calibration pod 119 is set to an impedance termination state. The 
through path of DUT 115 from second port 116 to third port 117 is measured. 
Then an "unknown through" calibration is employed (as described above) to 
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obtain full two-port error correction terms for DUT 115 between second port 116 
and third port 117. As discussed above, three sets of error corrected two-port 
measurements are made for DUT 115. Each set consist of a different impedance 
setting at port 118 of DUT 115, as provided by calibration pod 119. From the 
three sets of error corrected two-port measurements, the three-port S-parameters 
of DUT 115 are calculated as described above. 

[0055] Figure 6 is a simplified block diagram of calibration pod 119. 
Calibration pod 129 and calibration pod 139 are, for example, equivalent in 
design. 

[0056] A microcontroller 233 communicates with device tester 111 through 
USB port circuitry 232 cormected to USB port 122. Programming for controller 
233 is stored as firmware 231. A memory 236 includes s-parameter memory, 
power detect memory, noise source memory and user memory. The s- 
parameter memory stores a characterization of calibration pod 119, which 
calibration module 119 makes available to device tester 111 when calibration 
pod 119 is connected to device tester 111. The power detect memory is used to 
optionally store power characterization values for calibration pod 119. The 
noise source memory is used to optionally store noise source characterization 
values for calibration pod 119. User memory can be utilized by the user of the 
system to store characterization values that can be used in addition to or in place 
of the values in the s-parameter memory, the power detect memory and the 
noise source memory. 
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[0057] For example, memory 236 is composed of flash memory. 
Altematively, memory 236 is composed of another type of computer readable 
non-volatile memory (e.g., read only memory, programmable ROM, EPROM, 
EEPROM, etc.) or computer readable volatile memory (e.g., random access 
memory, static RAM, dynamic, RAM, etc.). 

[0058] A data path from controller 233 to memory 236 travels through a bus 
switch (SW) 234 and a latch 235. Control and address signals are generated by 
select decode 237 via instructions from controller 233. Select decode 237 
provides instruction through latch 238 and driver 239 to a multi-state circuit 243. 
Multi-state circuit 243 is connected to port 120 and port 121 of calibration pod 
119. Multi-state circuit 243 controls placement of open, short, through, and load 
calibration standards on port 120 and port 121. 

[0059] The foregoing discussion discloses and describes merely exemplary 
methods and embodiments of the present invention. As will be understood by 
those familiar with the art, the invention may be embodied in other specific 
forms without departing from the spirit or essential characteristics thereof. 
Accordingly, the disclosure of the present invention is intended to be 
illustrative, but not limiting, of the scope of the invention, which is set forth in 
the following claims. 
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